Abstract Aging is associated with replacement of normal kidney parenchyma by fibrosis. Because hydrogen sulfide (H 2 S) ameliorates kidney fibrosis in disease models, we examined its status in the aging kidney. In the first study, we examined kidney cortical H 2 S metabolism and signaling pathways related to synthesis of proteins including matrix proteins in young and old male C57BL/6 mice. In old mice, increase in renal cortical content of matrix protein involved in fibrosis was associated with decreased H 2 S generation and AMPK activity, and activation of insulin receptor (IR)/ IRS-2-Akt-mTORC1-mRNA translation signaling axis that can lead to increase in protein synthesis. In the second study, we randomized 18-19 month-old male C57BL/6 mice to receive 30 μmol/L sodium hydrosulfide (NaHS) in drinking water vs. water alone (control) for 5 months. Administration of NaHS increased plasma free sulfide levels. NaHS inhibited the increase in kidney cortical content of matrix proteins involved in fibrosis and ameliorated glomerulosclerosis. NaHS restored AMPK activity and inhibited activation of IR/IRS-2-Akt-mTORC1-mRNA translation axis. NaHS inhibited age-related increase in kidney cortical content of p21, IL-1β, and IL-6, components of the senescence-associated secretory phenotype. NaHS abolished increase in urinary albumin excretion seen in control mice and reduced serum cystatin C levels suggesting improved glomerular clearance function. We GeroScience (2018) 40:163-176 https://doi
Introduction
Gases are important signaling molecules that can affect a wide variety of physiological functions. The role of nitric oxide and carbon monoxide in mammalian physiology is better understood than that of hydrogen sulfide (H 2 S) (Wang 2012) . H 2 S is a physiologically relevant gasotransmitter synthesized by cystathionine γ-lyase (CSE), cystathionine β-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase Paul and Snyder 2012) . H 2 S regulates neurotransmission, cell survival, blood pressure, angiogenesis, and response to oxidative stress (Abe and Kimura 1996; Feliers et al. 2016; Paul and Snyder 2012; Yang et al. 2008) . Recent work from our group has shown that H 2 S also affects protein metabolism in the kidney, which has implications for kidney fibrosis, the final common pathway leading to kidney dysfunction in the setting of aging or kidney diseases. In kidney epithelial cells, H 2 S inhibits high glucose-induced protein synthesis that contributes to hypertrophy and increased matrix protein expression; the latter contributes to kidney fibrosis . Sodium hydrosulfide (NaHS), a source of H 2 S, ameliorates the accumulation of matrix proteins that contributes to kidney fibrosis in diabetic rodents (Sen and Pushpakumar 2016; Yuan et al. 2011; Zhou et al. 2014) . We have previously reported that increase in matrix proteins such as collagen leading to fibrosis is also a characteristic feature of the aging kidney ; however, the role played by H 2 S in renal senescence and fibrosis is not well studied. Dietary restriction, a well-established means of extending life span and health span‚ provides protection against ischemic injury in liver and kidney in an H 2 S-dependent manner (Hine et al. 2015) . These findings led to our hypothesis that H 2 S deficiency occurs in the aging kidney and contributes to aging-related changes in its structure and function. We found that H 2 S deficiency occurs in the aging kidney and that H 2 S supplementation ameliorates aging-related structural and functional changes in the kidney.
Methods

Materials
In immunoblotting analyses, we employed antibodies against the following: CBS, CSE, laminin γ1, phosphoglycogen synthase kinase 3β (GSKβ), GSK3 α/β (Santa Cruz Biotechnology Inc, Dallas, TX), phosphop70S6 kinase, p70S6 kinase, phospho-eukaryotic elongation factor F2 (eEF2), eEF2, phospho-eEF2 kinase, eEF2 kinase, phospho-Thr-308-Akt, Akt (Cell Signaling Technology Inc, Danvers, MA), fibronectin, p21, IL-1β, IL-6 (Abcam Plc, Cambridge, MA), type I collagen α2 chain (Proteintech Group Inc, Rosemont, IL), and actin (Millipore Sigma, St. Louis, MO). ELISA kits were used to measure changes in phosphorylation of insulin receptor (IR), insulin receptor substrate-2 (IRS-2), and acetyl Co-A carboxylase (ACC) (Cell Signaling Technology Inc, Danvers, MA). Analytical kits were used to measure albumin (Bethyl Laboratories Inc, Montgomery, TX), creatinine (Enzo Life Sciences Inc, Farmingdale, NY), and serum cystatin C (R&D Systems Inc, Minneapolis, MN). Blood glucose concentration was measured by a glucometer (Ascensia Diabetes Care US Inc, Parsippany, NJ).
Animals
First study We employed cortical lysates from stored kidneys from young male C57BL/6 mice (n = 10 mice, mean age 5.2 months) and old male mice (n = 10 mice, mean age 30.2 months) to evaluate aging-related changes.
Second study In order to test whether H 2 S affected aging-related changes in the kidney, we employed male C57BL/6 mice in two batches at the age of 18 and 19 months, respectively (National Institute of Aging). They were housed in a specific pathogen free facility with free access to standard chow and water as previously described (Sataranatarajan et al. 2016) . Following initial characterization, equal number of mice was randomized to receive NaHS (Millipore Sigma, St. Louis, MO) in drinking water (30 μmol/L, experimental group) or drinking water alone (control group) for 5 months (n = 10 in each group in each batch). We chose this dose of NaHS as it has been shown to increase plasma levels of H 2 S and ameliorate kidney injury (Sen et al. 2009 ). H 2 S content in water was stable for over 24 h as measured by the colorimetric method described below. Mice in the experimental group received freshly prepared NaHS solution in drinking water every 24 h whereas those in the control group received fresh water alone. In the first batch, 6 mice from the control group died (4 due to accidental flooding of their cage and 2 from natural causes). Mice in the two batches were sacrificed at the end of 5 months of study at the age of 23 and 24 months, respectively; together, 14 mice in the control group and 20 mice in the experimental group given NaHS were available for analysis. At baseline and at monthly intervals body weight, food and water intake (for 1 week) and blood glucose were measured. Additionally, mice were placed in metabolic cages individually to collect urine for estimation of albumin and creatinine. At sacrifice, a part of the kidney section was fixed in formaldehyde (4% w/v) and paraffin embedded for image analysis. The Institutional Animal Care and Utilization Committee of the University of Texas Health at San Antonio approved the animal studies.
Measurement of H 2 S H 2 S was measured by the monobromobimane method. Plasma was incubated with excess monobromobimane in 100 mM Tris-HCL buffer (pH 9.5, 0.1 DTPA) for 30 min in 1% oxygen and at room temperature in a hypoxic chamber; the fluorescent product sulfide-dibimane was analyzed by reverse-phase HPLC employing an eclipse XDB-C18 column and 0.1% trifluoroacetic acid (Millipore Sigma, St. Louis, MO) in acetonitrile as the eluent (Shen et al. 2011) . H 2 S generation was measured by incubating renal cortical lysates with 10 mM L-cysteine (Millipore Sigma, St. Louis, MO) in the presence of 2 mM pyridoxal phosphate (Millipore Sigma, St. Louis, MO) followed by trapping the generated H 2 S with zinc acetate (Millipore Sigma, St. Louis, MO), as described .
Morphometric analysis Changes in fractional mesangial area were assessed in periodic acid Schiffstained sections of 27-38 glomeruli from 10 control and 10 NaHS-administered mice as previously described .
Immunoblot analysis Equal amounts of renal cortical protein from homogenates were employed in immunoblot analysis as described . Signal intensities were quantified using the ImageJ software.
Statistical analysis Data were expressed as mean ± SEM; analyses between two groups were performed by the t test using the GraphPad Prism. Data were considered statistically significant at p < 0.05.
Results
Study 1
Kidney cortical content of H 2 S is reduced in association with increase in matrix protein expression in aging mice In old male mice, the renal cortical expression of H 2 S-synthesizing enzymes CSE and CBS was reduced in association with reduced generation of H 2 S compared to young mice (Fig. 1a, b) . Immunoblotting showed increase in renal cortical expression of matrix proteins, laminin γ1, type I collagen α2 chain, and fibronectin ( Fig. 1c-e) . Laminin γ1 is a component of mesangial matrix in the glomerulus; increase in its content contributes to mesangial expansion associated with glomerulosclerosis (Ha et al. 1999) . Increase in type I collagen contributes to tubulo-interstitial fibrosis ). We and others have previously reported that aging-related increase in matrix proteins is associated with kidney functional impairment leading to increase in urinary albumin excretion and decrease in filtration function (Barsha et al. 2016; Sataranatarajan et al. 2012) .
Signaling pathways regulate protein synthesis in the kidney Signaling pathways mediate increase in matrix protein synthesis that contributes to fibrosis of the kidney in disease states (Kasinath et al. 2009 ). We have previously reported that AMP-activated protein kinase (AMPK) functions as a tonic inhibitor of mTORC1 in the kidney (Kasinath et al. 2009 ). Inhibition of AMPK removes mTORC1 inhibition and allows the latter to stimulate mRNA translation and generation of proteins including matrix proteins (Kasinath et al. 2009; Lee et al. 2007) . In conditions associated with kidney fibrosis, e.g., diabetes, AMPK is inhibited in association with activation of mTORC1 (Eid et al. 2010; Lee et al. 2007; Sataranatarajan et al. 2007; Sharma et al. 2008) . In vitro studies have shown that H 2 S inhibition of high glucoseinduced mTORC1 activation and matrix protein synthesis is dependent on activating AMPK Lee et al. 2012) . We explored whether these signaling reactions that promote protein synthesis were activated in the aging kidney.
AMPK is inhibited and mTORC1-regulated mRNA translation events are stimulated in the aging kidney In old mice kidney, cortical AMPK activity was decreased as shown by reduced Ser-79 phosphorylation of ACC, an AMPK substrate (Fig. 2a) . This was associated with increased Thr-389 phosphorylation of p70S6 kinase demonstrating increase in mTORC1 activity (Fig. 2b) . p70S6 kinase activation promotes the elongation phase of mRNA translation (Kasinath et al. 2009 ). Ser-366 phosphorylation of eEF2 kinase by p70S6 kinase inhibits its activity contributing to reduction in Thr-56 phosphorylation of its substrate eEF2 (Redpath et al. 1996) . Dephosphorylated eEF2 promotes peptide propagation during elongation phase of translation (Kasinath et al. 2009 ). Ser-366 phosphorylation of eEF2 kinase was increased and Thr-56 phosphorylation of eEF2 was decreased in the renal cortex of old mice (Fig. 2c, d ). These data suggest that in the aging kidney, reduction in AMPK activity is associated with stimulation of mTORC1 and events in protein synthesis that facilitate increase in matrix proteins.
Insulin receptor and Akt are activated in the aging kidney We examined whether Akt is activated in the aging kidney as it is upstream of mTORC1. Renal cortical Akt phosphorylation at Thr-308 was increased in the kidneys of old mice (Fig. 2e) . Increase in Ser-9 phosphorylation of GSK 3β, an Akt phosphorylation site, provided functional confirmation of Akt activation in the aging kidney (Fig. 2f) . Because receptor tyrosine kinase activation commonly leads to activation of Akt-mTORC1 signaling and insulin receptor (IR) activation has been linked to aging, we examined the status of IR signaling pathway. Immunoblotting showed increase in tyrosine phosphorylation of IRβ chain in the renal cortex of old mice, which was further confirmed by an ELISA (Fig. 2g, h ). IRS-2 binds activated IR and amplifies its signaling. Tyrosine phosphorylation of IRS-2 was also increased in renal tissues from old mice (Fig. 2i ). These data together suggest a potential role for IR in stimulation of AktmTORC1/mTORC2 axis leading to increase in protein synthesis including matrix proteins.
Senescence-associated secretory phenotype occurs in the aging kidney During aging, a subset of cells goes into permanent proliferative arrest termed cell senescence. These senescent cells secrete an array of proteins including pro-inflammatory cytokines that can have injurious autocrine or paracrine effects; this secretome is termed senescence-associated secretory phenotype (SASP). SASP is characterized by increased expression of p21, IL-1β, and IL-6 (Acosta et al. 2013) . Because mTOR activation has been associated with SASP (Iglesias-Bartolome et al. 2012; Wang et al. 2017) , we examined its manifestation in the aging kidney. Kidney cortical expression of p21, IL-1β, and IL-6 was increased in old mice, suggesting that aging kidneys manifested SASP (Fig. 3a-c) .
Study 2
H 2 S administration is well tolerated by aging mice Having established H 2 S deficiency occurs in the kidney of old mice, we tested whether its correction by administration of NaHS to 18-19-month-old mice for 5 months ameliorates aging-related kidney dysfunction. At baseline, body weight, food and water consumption, blood glucose concentration, urinary output, and albumin to creatinine ratio were similar between mice randomized to control and NaHS groups (Suppl. Fig. S1A-F) . During the experimental period of 5 months, serial monthly measurements showed that body weights and consumption of food and water did not differ between the groups (Suppl. Fig. 2A-C) . Additionally, blood glucose concentrations were in the normal range in the NaHS and control groups (Suppl. Fig. S2D ). At sacrifice, there were no differences in the weights of the kidney, heart, liver, and spleen corrected to either tibial length or body weight (Suppl. Fig. S3A-D) . Taken together, these data suggest that NaHS was well tolerated by mice.
H 2 S inhibits extracellular matrix accumulation in kidneys of aging mice The glomerulus consists of a capillary where glomerular filtration takes place. The mesangium is a structure around which glomerular capillary loops are arranged and it is composed of mesangial cells and extracellular matrix. Aging- generation is reduced in association with increase in matrix protein content old mice. a Immunoblotting of renal cortical lysates with antibodies against cystathionine γ-lyase (CSE) and cystathionine β-synthase (CBS) showed that their expression was decreased in old mice. b Renal cortical H 2 S generation, measured as described in the BMethods^section, was decreased in old mice. c-e Immunoblotting of renal cortical lysates with antibodies against laminin γ1, type I collagen α2, and fibronectin (FN) showed increase in their expression in old mice. In a-e, data from young (n = 10) and old mice (n = 10) are shown as mean ± SEM in histograms Young Old associated glomerulosclerosis is characterized by progressive mesangial matrix expansion measured as increase in fraction mesangial volume ). An expanding mesangium encroaches on the glomerular capillary surface area and reduces it, thereby impairing glomerular filtration function.
Compared to control mice, the glomerular mesangium was less expanded in NaHS-treated mice; this was confirmed by morphometry which showed that NaHS administration reduced fractional mesangial volume in glomerulus by approximately 24% (Fig. 4a) . There was no significant change in the overall glomerular cross sectional area (Fig. 4b) . In agreement with morphological changes in mesangial matrix, kidney content of mesangial matrix protein laminin γ1 was reduced in NaHS-treated mice relative to control mice (Fig. 4c) . Kidney content of collagen I and fibronectin was also significantly decreased by NaHS treatment in old mice, suggesting reduced renal fibrosis (Fig. 4d, e ). These data show that H 2 S ameliorates renal fibrosis associated with aging.
H 2 S stimulates AMPK and inhibits mTORC1 in kidneys of aging mice We studied signaling mechanisms underlying beneficial effect of H 2 S on kidney matrix accumulation in old mice. NaHS stimulated AMPK activity by Fig. 2 Insulin receptor (IR) and signaling pathways are activated in the kidney of old mice. a Kidney cortical lysates were employed in ELISA and showed decrease in phosphorylation of acetyl Co-A carboxylase (ACC) in old vs. young mice.
Immunoblotting of renal cortical lysates showed the following in old vs. young mice: b, c, e-g increase in the phosphorylation of p70S6 kinase, eEF2 kinase (eEF2K), Akt, glycogen synthase kinase 3β (GSK-3β), and insulin receptor-β (IRβ) and d decrease in the phosphorylation of eukaryotic elongation factor 2 (eEF2). h, i ELISA showed increase in renal cortical tyrosine phosphorylation of IRβ and insulin receptor substrate-2 (IRS-2) in old vs. young mice. Data from young (n = 10) and old mice (n = 10) are shown as mean ± SEM in histograms Data from young (n = 10) and old mice (n = 10) are shown as mean ± SEM in histograms more than twofold in the kidney cortex as indicated by increase in Ser-79 phosphorylation of ACC (Fig. 5a ). This was associated with reduction in Thr-389 phosphorylation of p70S6 kinase (Fig. 5b) demonstrating inhibition of mTORC1. In the NaHS-treated mice, the renal cortical Ser-366 phosphorylation of eEF2 kinase was reduced and Thr-56 phosphorylation of eEF2 was increased consistent with inhibition of elongation phase of mRNA translation (Fig. 5Dc, d ). These data show that H 2 S activates AMPK and inhibits key signaling events controlling protein synthesis; these reactions contribute to inhibition of aging-related increase in matrix proteins.
H 2 S inhibits IR-Akt axis in kidneys of aging mice NaHS administration reduced Thr-308 phosphorylation of Akt compared to control mice, indicating inhibition of the kinase (Fig. 5e) ; this was confirmed by reduction in Ser-9 phosphorylation of GSK 3β, an Akt substrate (Fig.  5f ). Upstream of Akt, immunoblotting showed that NaHS reduced kidney cortical IR tyrosine phosphorylation relative to control mice; this was confirmed by ELISA (Fig. 5g, h ). Tyrosine phosphorylation of IRS-2 in the renal cortex was also reduced in mice receiving NaHS in comparison with control mice (Fig. 5i) . Taken together, these data show H 2 S administration inhibits IR-IRS-2-Akt-mTORC1-mRNA translation (protein synthesis) signaling axis in the aging kidney.
H 2 S inhibits SASP in kidneys of aging mice NaHS administration led to inhibition of mTOR activation in the aging kidney (Fig. 5b) . Since mTOR inhibition can ameliorate SASP (Wang et al. 2017) , we examined NaHS effect on SASP. As shown in Fig. 6a -c, NaHS reduced the levels of p21, IL-1β, and IL-6 in the kidney cortex relative to control mice, suggesting inhibition of SASP.
H 2 S reduces urinary albumin excretion and preserves renal clearance function in aging mice Preventing losses of plasma albumin during glomerular filtration is an important function of the kidney. Thus, a rise in urinary albumin to creatinine ratio (ACR) is an index of kidney injury. Urinary ACR rose significantly during the study period in control mice relative to the baseline value at the time of randomization. In contrast to the control group, in the NaHS group urinary ACR did not change significantly from the baseline; it was significantly lower than in control mice at every month (Fig. 7a) . Serum cystatin C level varies inversely with glomerular filtration rate and is employed as an index of renal waste clearance function in aging studies in mice (Kume et al. 2010 ) ) (Song et al. 2009 ). At the end of the study, relative to mice in the control group, serum cystatin C values were significantly lower in mice receiving NaHS (Fig. 7b) . Collectively, these data show that H 2 S reduces albuminuria in aging mice. NaHS-induced reduction in serum cystatin C implies an improvement in filtration function or waste clearance function of the kidney.
NaHS administration does not affect kidney H 2 S metabolism in aging mice Administration of NaHS increased plasma free sulfide levels (Suppl. Fig. S4A ). However, it did not affect kidney cortical expression of CBS and CSE proteins or generation of H 2 S (Suppl. Fig. S4B , C). Thus, there was no feedback inhibition of expression of H 2 S-synthesizing enzymes CBS and CSE or its generation in the kidney by the exogenously administered NaHS.
Discussion
Our data show that H 2 S deficiency is an important mechanism contributing to aging-related changes in kidney structure and function. In the kidney of old mice, H 2 S deficiency occurs due to reduced expression of enzymes that generate the gas, i.e., CSE and CBS. Administration of NaHS to aging mice ameliorates both structural and functional aspects of renal aging. The mechanism underlying beneficial effects of H 2 S on renal aging involves inhibition of fundamental aging processes such as activation of IR and signaling pathways involving mTOR that stimulate protein synthesis. Since increased protein synthesis contributes to matrix protein accumulation, we focused on signaling pathways that regulate mRNA translation, a rate-limiting step in protein synthesis (Holz et al. 2005) . mTORC1 governs initiation and elongation phases of mRNA translation (Kasinath et al. 2009 ). Activation of Akt leads to stimulation of mTORC1 in at least two ways. First, it phosphorylates Ser-487 on the serine threonine-rich loop of the α1 subunit of AMPK and inhibits its activity (Hawley et al. 2014) . Decreased AMPK activity is associated with mTORC1 activation in the kidney in diabetes (Eid et al. 2010; Lee et al. 2007; Sharma et al. 2008) . The second mechanism involves proline-rich Akt substrate 40 (PRAS40). PRAS40 exists in a complex with and constitutively inhibits mTORC1; following phosphorylation by Akt, PRAS40 dissociates from mTORC1 allowing it to become active (Sancak et al. 2007 ). Renal mTORC1 is Hydrogen sulfide ameliorates extracellular matrix accumulation in old mice. 18-19-month-old mice were randomized to receive NaHS in drinking water (NaHS, n = 20 mice) or water alone (control, n = 14 mice) and followed for 5 months. a NaHS reduced glomerulosclerosis and glomerular mesangial matrix fraction expressed as percent of glomerular area. b Total glomerular area was unchanged between the two groups. c-e Immunoblotting of renal cortical lysates showed reduction in expression of laminin γ1, type I collagen α2, and fibronectin in mice that received NaHS vs. control mice. Data are shown as mean ± SEM in histograms and signaling pathways in the kidney of old mice. 18-19-month old mice were randomized to receive NaHS in drinking water (NaHS, n = 20 mice) or water alone (control, n = 14 mice) and followed for 5 months. Compared to control mice, the kidney cortical lysates from mice that received NaHS showed the following: a increase in phosphorylation of ACC by ELISA; b, c, e-g decrease in phosphorylation of p70S6 kinase, eEF2 kinase (eEF2K), Akt, GSK-3β, and IRβ; d increase in phosphorylation of eEF2 by immunoblotting; and h, i decrease in renal cortical tyrosine phosphorylation of IRβ and IRS-2 by ELISA. Data are shown as mean ± SEM in histograms activated in early diabetes and its inhibition with rapamycin ameliorates associated kidney injury (Eid et al. 2010; Lee et al. 2007; Sataranatarajan et al. 2007; Sharma et al. 2008) . H 2 S and phosphodiesterase-5 inhibitor tadalafil, which promotes H 2 S release, ameliorate high glucose-induced matrix increment in renal epithelial cells by stimulating AMPK and inhibiting mTORC1 Lee et al. 2012) . Our data show that aging is also associated with inhibition of AMPK and stimulation of mTORC1, which leads to stimulation of mRNA translation; these events facilitate increase in the synthesis of matrix proteins. Administration of H 2 S stimulated AMPK to inhibit mTORC1 and translation, contributing to reduced synthesis of matrix proteins and renal fibrosis. Our search for upstream regulators of Akt led to IR activation. Increase in tyrosine phosphorylation of IRS-2, a protein that docks with cytoplasmic domain of IR and amplifies its signaling, further supported IR activation in the aging kidney. Our previous studies have shown that IR activates Akt-mTORC1 axis in renal epithelial cells leading to increase in the synthesis of proteins including matrix proteins (Bhandari et al. 2001; Mariappan et al. 2007 ). IR-related signaling pathways have been implicated in mediating aging-related changes (Bartke et al. 2013; Bluher et al. 2003; Taguchi et al. 2007 ). Our study showed that aging-associated H 2 S deficiency is upstream of IR activation in the kidney because exogenous administration inhibited it. H 2 S appears to regulate fundamental aging processes that promote IR activation. Future studies will need to address the mechanism linking H 2 S deficiency to IR activation in the aging kidney. During aging, subpopulations of cells in tissues undergo permanent cell cycle arrest termed cellular senescence (Childs et al. 2015) . One mechanism of senescence could involve the following scenario. In proliferating cells, aging-associated telomere erosion elicits a DNA damage response in which ataxia telangiectasia mutated, a serine threonine kinase, is brought to the eroded telomeres; this is followed by stabilization of p53 and Control NaHS Control NaHS p=0.0437 Fig. 6 Hydrogen sulfide ameliorates SASP in the kidney of old mice. 18-19-month-old mice were randomized to receive NaHS in drinking water (NaHS, n = 20 mice) or water alone (control, n = 14 mice) and followed for 5 months. a-c Immunoblotting of renal cortical lysates showed decrease in the expression of p21, IL-1β, and IL-6 in mice that received NaHS vs. control mice. Data are shown as mean ± SEM in histograms increase in the expression of its target p21 (Childs et al. 2015) . The downstream events involve p21 inhibiting cyclin-dependent kinase 2-mediated Rb inactivation, which maintains cells in an arrest mode (ibid). Senescent cells assume a phenotype of secreting pro-inflammatory cytokines, e.g., IL-1 and IL-6 (SASP), with autocrine or paracrine effects promoting inflammation, epithelial to mesenchymal transition, and even transforming target cells into a secretory phenotype (SASP on SASP) (Childs et al. 2015; Nelson et al. 2012) . Activation of mTORC1 has been linked to SASP, and rapamycin inhibits the process (Iglesias-Bartolome et al. 2012; Wang et al. 2017) . Removal of cells manifesting SASP from the kidneys ameliorates aging-associated renal changes (Baar et al. 2017; Baker et al. 2016) . Renal cortical mTOR activation in aging kidneys was associated with increase in the expression of p21, IL-1β, and IL-6, features of SASP. These changes were abolished by exogenous administration of H 2 S. Our data make the novel observation that H 2 S deficiency contributes to SASP by stimulation of mTOR in the aging kidney. Our study identifies a novel mechanism in renal aging by identifying H 2 S deficiency as a contributory factor and linking it to signaling events involving inhibition of AMPK and activation of IR-Akt-mTORC1 axis. We administered NaHS by the oral route for 5 months starting at the age of 18-19 months that reversed signaling changes and resulted in these salutary outcomes. Another group of investigators recently reported that intraperitoneal administration of NaHS to 16-month-old mice for 10 weeks stimulates well-known anti-oxidant pathways involving Nrf2 to ameliorate aging-related changes in the kidney (Hou et al. 2016) ; however, that study did not explore the status of H 2 S or signaling mechanisms including IR activation. Our exploration of signaling identified inhibition of AMPK as a key feature of renal aging; administration of H 2 S stimulates AMPK activity that leads to mTORC1 inhibition and reduction in matrix protein synthesis. These detailed observations in signaling pathways governing protein synthesis identify potential novel sites for intervention to ameliorate aging-related changes in the kidney.
Our study has limitations. We did not study other properties of H 2 S that may be potentially involved in amelioration of kidney injury, e.g., mitochondrial biogenesis and regulation of epigenetics (Weber et al. 2017) . In future, we will need to address the role of H 2 S in recently reported mechanisms of kidney injury in aging, e.g., podocyte deficiency leading to glomerulosclerosis, mitochondrial dysfunction, and fructose metabolism (Hodgin et al. 2015; RoncalJimenez et al. 2016; Sweetwyne et al. 2017) . Additionally, we did not test whether H 2 S prolongs life span in mice as has been shown in C elegans (Miller et al. 2011; Miller and Roth 2007) . The life span-prolonging effect of dietary restriction depends on increase in generation of H2S in worms and yeast (Hine et al. 2015) .
Our study adds aging-related kidney dysfunction to the list of conditions ameliorated by H 2 S, i.e., acute kidney injury (Bos et al. 2013; Dugbartey et al. 2016) , diabetes (van den Born et al. 2016; Yuan et al. 2011; Zhou et al. 2014) , obstructive uropathy (Song et al. 2014) , hypertension (Weber et al. 2017) , and hyperhomocysteinemia (Sen et al. 2012 Hydrogen sulfide inhibits age-related increase in albuminuria and it decreases serum cystatin C in old mice. Mice, 18-19 months of age, were randomized to receive NaHS in drinking water or water alone (control) and followed for 5 months. (A) Urinary albumin to creatinine ratio (ACR) increased in control mice during the study period which was prevented by NaHS (a) p < 0.05, (b) p < 0.01, and (c) p < 0.001. (B) Serum cystatin C was lower in NaHS-treated mice vs. control mice at the end of the study. Data from control (n = 13-20) and NaHS-treated mice (n = 18-20) are shown as mean ± SEM in histograms clearly unacceptable for humans although we employed NaHS as a proof of concept. Other formulations that release H 2 S are available for future testing (Wallace and Wang 2015) . Phosphodiesterase-5 inhibitor, tadalafil, stimulates H 2 S generation in kidney epithelial cells to inhibit high glucose-induced increase in matrix proteins ; it is routinely employed in the treatment of erectile dysfunction and could be considered a candidate for studies in ameliorating aging-associated kidney impairment in humans.
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